Abstract: Magnetic tunnel junction (MTJ) with a voltage-controlled magnetic anisotropy (VCMA) effect has been introduced to achieve robust non-volatile writing control with an electric field or a switching voltage. However, continuous technology scaling down makes circuits more susceptible to temporary faults. The reliability of VCMA-MTJ-based magnetoelectric random access memory (MeRAM) can be impacted by environmental disturbances because a radiation strike on the access transistor could introduce write and read failures in 1T-1MTJ MeRAM bit-cells. In this work, Single-Event Transient (SET) effects on a VCMA-MTJ-based MeRAM in 28 nm FDSOI CMOS technology are investigated. Results show the minimum SET charge Q c required to reach the access transistor associated with the striking time that can lead to an unsuccessful switch, that is, an error in the writing process (write failure). The synchronism between the fluctuations of the magnetic field in the MTJ free layer and the moment of the write pulse is also analyzed in terms of SET robustness. Moreover, results show that the minimum Q c value can vary more than 100% depending on the magnetic state of the MTJ and the width of the access transistor. In addition, the most critical time against the SET occurrence may be before or after the write pulse depending on the magnetic state of the MTJ.
Introduction
Magnetic tunnel junction (MTJ) based non-volatile memories (NVMs) have demonstrated outstanding performance in terms of switching energy efficiency, infinite endurance, and high density [1] . The spin transfer torque (STT) driven magnetic random access memory (MRAM) (STT-MRAM) significantly limits the applications for low power and high-speed working memories due to intrinsic problems in terms of high write power and long latency [2] .
MTJ with voltage-controlled magnetic anisotropy (VCMA) effect has been considered as an energy-efficient method for future MTJ devices because it provides magnetization flipping upon a voltage pulse [3, 4] . The utilization of a voltage instead of a charge current for writing data into an MTJ allows for much lower energy dissipation (down to fJ/bit) [2] . Moreover, the VCMA effect enables rather fast precessional switching of an MTJ (down to hundreds of picoseconds) by lowing the energy barrier between the two magnetization states of the MTJ [2] . Furthermore, the dimension of the access transistors can be reduced, thanks to the decrease of the required driving current density for data write operations [2] .
Therefore, VCMA-MTJ based magnetoelectric random access memory (MeRAM) holds the promise to efficiently overcome the problems of STT-MRAM [2] . VCMA-MTJ based MeRAM achieves better performance in terms of switching energy, energy consumption, access speed, density and scalability than STT-MRAM [2, [5] [6] [7] .
Although the intrinsic magnetic storage device MTJ is immune to the radiation [8] , the MOS access transistor that supply the switching voltage of the VCMA-MTJ has a risk of suffering from radiation effects. Indeed, a soft error occurring at the MOS transistor can cause a disturbance on the MTJ switching voltage result in an incorrect value stored in the MeRAM [9] . Downscaling transistors to nanometers makes them more vulnerable to transient disturbances named Single Event Transient (SET) [10] and thereby makes MTJ-cells more prone to errors. SET is an important factor to be considered for device reliability, especially for space electronics [11] . SET results of deposited charge when ionizing energetic particles hit a sensitive region of the circuit. The data stored may be flipped causing an error when enough charge is collected.
Radiation hardening techniques with respect to particle strike on transistors in sense circuit blocks are presented in [12] . However, the radiation-induced SET should most likely occur on the access transistors of memory cells since the number of access transistors is much larger than that of the sense circuit block [8] . Therefore, it is interesting to analyze how the SET striking time impacts the minimal SET charge that can lead to an error.
Fully depleted silicon-on-insulator (FDSOI) technologies are attractive due to their high-speed/low-power features and its reliability has been extensively studied [9, [13] [14] [15] [16] [17] . In particular, Ref. [9] investigates failure mitigation in VCMA-MTJ based 1T-1MTJ MeRAM bit-cell on 28 nm FDSOI technology. However, the relationship between the effect of a given SET and its striking time during the writing process is not deeply explored.
In this work, SET effects on a 28 nm FDSOI VCMA-MTJ based MeRAM bit-cell are investigated. This paper focuses on write failures due to an SET strike on the access transistors of memory cells. The critical charge is determined according to the SET striking time.
The rest of the paper is organized as follows. Section 2 briefly explains the VCMA-MTJ. The SET model is described in Section 3. Simulation results are presented and discussed in Section 4. Finally, Section 5 concludes the work.
VCMA-MTJ
The basic MTJ structure is illustrated in Figure 1 . MTJ is composed of two ferromagnetic layers (separated by the insulator layer MgO): the reference layer and the free layer. The reference layer has the magnetization direction fixed, while the magnetization direction of the free layer can change due to a polarized switching current. MTJ resistance is switched according to the magnetic field. That is, MTJ resistance depends on the orientation of MTJ magnetization with the parallel (P) and anti-parallel (AP) states. High-resistance state is achieved with anti-parallel magnetization, while parallel magnetization leads to a low-resistance. MTJ can be integrated in memories and logic circuits to represent logic 0 or logic 1 [18] [19] [20] [21] .
Electrodes
Storage or Free layer Insulator (MgO) Pinned or Fixed layer Spin transfer torque was presented in [22] to address the power and scalability with a low current ( ∼ 100 µA) to switch the MTJ state. However, improved write-read latency, efficient energy consumption, and decreased cell area can be achieved using voltage-controlled MTJ with an electric field (or a voltage) features [3, 23] . The VCMA effect enables the utilization of an electric field for switching an MTJ [3, 23] . The mechanism of the VCMA effect is: an accumulation of electron charges is induced by an electric field, then brings about a change of occupation of atomic orbitals at the interface, which, in conjunction with spin-orbit interaction, finally results in a change of magnetic anisotropy [6, 24, 25] .
The operational characterization of VCMA-MTJ is illustrated in Figure 2 . The magnetization orientations (m z ) of the two ferromagnetic layers determine the resistance of the device (R P in a parallel state and R AP in an anti-parallel state). There are three switching mechanisms in VCMA-MTJ: thermally assisted, precessional switching and STT-assisted precessional switching [6] . This work deals with the precessional VCMA.
Precessional VCMA switching is realized with a high positive switching voltage V b . The energy barrier E b between two stable magnetization states can be eliminated as the precessional VCMA switching when V b is greater than MTJ critical voltage V c . Equation (1) determines the minimum V c for successful VCMA-MTJ switching [9] :
where ∆(0) is the thermal stability under zero voltage, ξ is the VCMA coefficient to weigh the perpendicular magnetic anisotropy (PMA) change under V b , t ox is the MTJ oxide layer thickness, A is the sectional area of the MTJ, k B is the Boltzmann constant, and T is the temperature. After achieving the critical voltage V c , the VCMA-MTJ has its own dynamics that allows it to change continuously through its unstable states [2] . Once the excitation of its terminals is completed, the energy barrier of the intermediate states returns to a greater value than the stable states and the device tends to stabilize in one of the stable states (P or AP). To use the VCMA-MTJ in memory devices, a precise control of the writing process is required as will be discussed in Section 4.1.
SET Model
The most widely used model considers that an SET can be described by a double-exponential current pulse I inj (t) on the transistor [26] [27] [28] [29] . The current I inj (t) is defined by Equation (2) where Q inj is the charge injection level calculated by Equation (3), K is related to the material characteristics and the radiation intensity, τ 1 is the collection time constant for a junction, and τ 2 is the ion track establishment time constant [26] [27] [28] :
After a certain level of injected current, the voltage across the struck node can go beyond the power supply rails when the circuit-level SET simulations employ the independent current models. However, this is a physically not reasonable behavior and it represents a disadvantage of this model. As showed in [30] , the SET current waveforms obtained from TCAD simulations do not go beyond the power supply rails.
From TCAD simulation, it can be seen that, for higher Linear Energy Transfer (LET) values, the SET-induced current pulse can not be well represented by a simple double-exponential expression [30, 31] . It has a plateau region after a very short high-amplitude current peak when higher levels of charge are generated [31] . To deal with this issue, some voltage-dependent SET current models have been developed [30, [32] [33] [34] .
In this work, SET is generated by a voltage-dependent current model based on conventional double-exponential current pulse on the transistor taking into account the voltage across the node [34] . The current I inj (t) is defined by Equation (4), where V DS denotes the voltage between the drain and the source of the transistor. Figure 3 shows the current source and transistor modelling SET event.
(4) Figure 4 shows I inj and V D when an SET with Q inj = 1 f C reaches the access transistor. It can be seen that, when Equation (2) is used to represent I inj (curves in red), a strange phenomenon appears in V D . In other words, for some time, V D < 0 shows an erratic behavior, and the voltage goes beyond the power supply rails. On the other hand, this behavior does not occur when Equation (4) is used to simulate I inj (curves in blue). (2) and (4) in the red and blue curves, respectively.
Simulations and Results

VCMA-MTJ Based MeRAM Bit-Cell
A 28 nm CMOS FDSOI design-kit is utilized to implement and simulate the VCMA-MTJ based MeRAM bit-cell illustrated in Figure 5 . An 1T-1MTJ MeRAM bit-cell consists of an access transistor and an MTJ. In the 1T-1MTJ MeRAM architecture, the MTJ and the access transistor are located in series. The transistor's gate is connected to the word-line (WL), the transistor's drain to the bit-line (BL) crossing the MTJ and the transistor's source to the source-line (SL).
Writing in a VCMA-MTJ based MeRAM can be considered as follows: either maintaining the MTJ state or switching it. A state check of the MTJ that guides the decision to switch or maintains the state of the MTJ would involve a circuit more complex than the bit-cell.
The performance of the memory device can be influenced by an SET occurrence on the access transistor leading to write failures [9, 35] . Write failures occur when the MTJ in the bit-cell does not appropriately switch between parallel and anti-parallel states. In other words, because of the SET, the MTJ does not switch when it has to or the MTJ switches when it should not.
In order to analyze the vulnerability of the bit-cell against SET, this work considers a low threshold voltage (LVT) transistor as an access transistor with width W = 80 nm. This flipped-well configuration is usually used to improve the power-delay performance [36] . Table 1 lists the design parameters of VCMA-MTJ compact model [37] . The VCMA has two stable opposite states, parallel and anti-parallel, represented by m z ≈ 1 and m z ≈ −1, respectively. Although normally the write pulse is applied in the BL, the authors in [38] showed that applying the write pulse in the WL leads to a better pulse shape compared to when the write pulse is applied in the BL of the MeRAM. Moreover, it improves the switching probability and minimizes the area overhead (e.g., driver size) [38] . Figure 6 gives an example of the precession of magnetization under the influence of a voltage between the MTJ's terminals. Due to the fluctuation of magnetization, the initial state of the free layer magnetic moment (represented by the angle between M and m z ) is different at each measurement. This leads to the stochastic reversal of free layer magnetization. As can be seen in Figure 6 , M had m z value approximately equal to 1 before a write pulse occurs in WL (at 2 ns). The pulse lasted 0.5 ns and it was sufficient to change the M position from m z ≈ 1 to m z ≈ −1. In this work, the voltage pulse delay and the voltage pulse duration were analyzed to guarantee a successful writing considering
One of the intrinsic characteristics of the MTJ is a small variation of its state related to the fluctuation of the magnetization of the free layer magnetic moment. The circuit in which the MTJ is inserted could not be as fast as these variations that could be in the order of multiple GHz's. Therefore, an SET robustness analysis must take into account this peculiar behavior of the MTJ magnetic state. Figure 7 illustrates this variation of state and its effects on possible switching failures. It can be seen that a successful writing (represented by the "successful switch region" in Figure 7 ) depends on the voltage pulse amplitude, duration, and the instant in which the voltage pulse is applied. Voltage pulses with various durations are studied to explore the switching characteristics. Figure 8 presents the time dependence of m z when a pulse with delay of 2 ns is applied with different voltage pulse durations. From Figures 7 and 8 , it can be noticed that the voltage pulse has to have a minimum duration to lead to a successful switch. If the voltage pulse duration is relatively short (represented by the "insufficient region" in Figure 7 and the orange curve in Figure 8 ), m z can not switch and m z goes back to the initial stage. On the other hand, if it has a longer pulse duration (represented by the "excessive region" in Figure 7 and the red curve in Figure 8 ), initially m z changes to the other state but then it switches back to the initial state, so, in the end, the desirable switch will not occur. Therefore, to achieve deterministic MTJ switching, a precise control of the voltage pulse duration is required, that is, a shorter or longer voltage pulse duration may cause a switching failure. In this work, the voltage pulse amplitude and duration were properly selected based on the results presented in Figure 7 . Two different voltage pulses for writing are considered in the SET effects analysis. They were chosen taking into account the small state variations of the MTJ magnetic state so that possible effects related to the small difference in the synchronism between the write pulse delay and MTJ state can be analyzed. These chosen configurations are pointed out in Figure 7 . In both cases, the voltage pulse duration is 0.5 ns.
SET Analysis
For writing each bit in an 1T-1MTJ cell, a voltage is applied through the MTJ and the free layer will change its state (P → AP or AP → P). The resulted voltage bias from BL to SL must be carefully considered to ensure the correctness of the operations.
Eventually, radiation could induce some possible write failure. A write failure could be caused by a particle strike on the access transistor of any line. The occurrence of an SET is independent of the device operation. Therefore, it is important to consider the circuit vulnerability against SET at any time during the entire operation of the circuit.
Critical charge Q c is denoted as the minimum SET charge that leads to an undesirable MTJ state switching when it reaches the access transistor. It can occur due to an insufficient or an excessive excitation of MTJ magnetic vector M in the free layer with the objective of changing the stable state.
In this work, it is considered that an SET reaches the access transistor of the bit-cell. In other words, a current pulse modeling SET is applied to the access transistor at different times with different charges to analyze which charge value would lead to an error in the MTJ stored state. An analysis of the failure in the MTJ state switching caused by the effects of the radiation is relevant for the development of MeRAM architectures more robust against SET. Simulations were carried out to identify the sensitivity of the circuit against SET considering three cases.
Case 1: Without Write Pulse
It is considered that there is no write pulse. In other words, Q c is the minimum SET charge that leads to an undesirable switching of MTJ state without a write request has been made. It is also equivalent to writing in an adjacent bit-cell. For Case 1, the write failure is only due to the radiation. Figure 9 shows the Q c value for the scenario in which there is no write pulse, that is, there is no intention of writing in this bit-cell. It can be seen that, if an SET charge greater than 1.93 fC reaches the access transistor, an undesirable switch AP → P can occur. On the other hand, if the MTJ is in the P state, an SET charge at least greater than 2.21 fC will be necessary to lead to an undesirable switch P → AP. Figure 9 shows how Q c depends on the strike time moment. In the worst case, Q c = 1.93 fC. 
Case 2: With Write Pulse
The minimum charge Q c is analyzed when there is an intention of writing in this bit-cell, that is, when there is a write pulse. In this scenario, a write failure occurs when there is no switch after the writing process. In this case, the write failure is due to the radiation combined with the voltage pulse. Figure 10 shows the time dependence of m z when an SET with Q inj = 1 fC reaches the access transistor at 2.2 ns (blue curve) and 2.6 ns (red curve) for a voltage pulse delay of 1.88 ns. It can be noticed that when the SET occurs after the end of the voltage pulse (red curve), there is no switch, which means a writing error occurrence. Comparing with Figure 9 , Figure 10 shows that the circuit is less SET robust when there is a write pulse. In other words, when there is a write pulse, a low SET charge (Q inj = 1 fC) can lead to a write failure while in the case in which there is no write pulse, a Q inj > 1.93 fC (see Figure 9 ) is necessary to lead to a write failure. As can be seen in Figure 10 , the striking time influences the circuit behavior. In order to analyze this influence, the SET charge in the access transistor was varied to find the critical charge Q c required to lead to an error at different striking times. Figure 11 shows the Q c value as a function of the striking time when the voltage pulse delay is 1.88 ns (red curves) and 2 ns (blue curves). In both cases, the voltage pulse duration is 0.5 ns. In Figures 11 and 12 , the continuous lines represent the simulations of the transition P → AP, while the dashed lines denote the simulations of the transition AP → P. From Figure 11 , it can be noticed that, when the SET reaches the access transistor during the pulse duration, a very high Q c value is necessary to have an unsuccessful switch. This confirms the high resistance and robustness of the MeRAM write circuit to an SET radiation event during the write pulse. On the other hand, if the SET reaches the access transistor before or after the write pulse, a much lower Q c value can lead to an unsuccessful switch (write failure). Figure 12a ,b show the Q c value for the time just before the beginning of the voltage pulse and just after the end of the voltage pulse, respectively. The referenced times (0 ps) represent the beginning of the voltage pulse in Figure 12a and the end of the pulse in Figure 12b . The results show that the robustness of the bit-cell against SET is highly dependent on the striking time. Moreover, the writing process is less robust against SET effects when the SET occurs close to the voltage pulse occurrence (before or after the write pulse). Considering these simulations, when an SET occurs before the write pulse, the worst critical charge was Q c ≈ 0.5 fC for both configurations (Figure 12a ). It is basically four times lower than the Q c required when there is no write pulse (Figure 9 ). On the other hand, for an SET occurrence after the write pulse, while in one case Q c = 1.05 fC (blue curve) can lead to a write failure, values as low as Q c = 0.29 fC (red curve) can result in a writing error in the other case, showing a significant decrease of the circuit robustness against SET (Figure 12 ). This is more than six times lower than the Q c value in the case in which there is no write pulse ( Figure 9) .
The results show that, even if it has some advantages to apply the pulse in BL [38] , it is important that the other writing lines (BL and SL) are not activated much before the beginning of the WL pulse (worst Q c at 100 ps before-see Figure 12a ). In addition, BL and SL should be deactivated as soon as possible, that is, not much after of the end of the WL pulse (worst Q c at just over 150 ps-see Figure 12b ). Those measures can contribute decisively to increase the robustness of the write operation in the bit-cell against SET. In other words, even if an SET reaches the access transistor, a current coming from an SET that crosses the MTJ would not be boosted by the difference of potential between BL and SL.
Case 3: Modulation of the Transistor Channel Width (W)
The SET robustness was analyzed varying the width W of the access transistor for voltage pulses with delays of 1.88 ns and 2 ns as shown in Figure 13 . The worst Q c values that lead to a write failure considering an SET before and after the write pulse for the transitions P → AP and AP → P are presented in Figure 13 . It can be seen that, with the increase of the W value, the circuit is more robust againt SET, that is, Q c is bigger. Moreover, varying the W value, the importance of taking into account variations of the instant of the pulse in relation to the magnetic state of the MTJ is highlighted. For example, regarding only the most critical points, when the delay is 1.88 ns (red curves), the Q c can increase from 0.29 fC (W = 80 nm) to 0.70 fC (W = 400 nm) which would mean an increase in robustness relative to the minimum Q c of more than 140%. On the other hand, if the delay is 2 ns (blue curves), the gain of robustness is smaller, Q c varies from 0.56 fC (W = 80 nm) to 0.72 fC (W = 400 nm), that is, about 30%. It is also worth mentioning that, as the size W of the access transistor increases, inferences about the increase in SET robustness may change in relation to the critical Q c . For example, while with W = 80 nm the most critical point when the SET occurs before the write pulse (continuous curves in Figure 13 ) is associated with the delay of 1.88 ns, for bigger W values, the critical part is related to the delay 2 ns.
On the other hand, it can be seen in Figure 13 that, when the SET pulse occurs after the end of the write pulse (dashed curves in Figure 13 ), the greatest disparity in terms of critical charge variance appears. That is, if the analysis has been made only by considering a possible SET after the end of the write pulse, the conclusions could mask a minimum Q c value of 0.29 fC (delay 1.88 ns and W = 80 nm) by 1.05 fC (delay 2 ns and W = 80 nm), which would mean an erroneous analysis of the SET robustness more than three times.
The results presented in Figure 13 highlight that resizing the width of the access transistor can increase the robustness of the circuit against SET. However, it is worth remembering that larger transistors also mean overhead in the circuit area. The importance of the temporal analysis done in this work is also clear, not only between the striking time and the write pulse, but also the one of the write pulse moment and the minimum fluctuations of the MTJ.
The above results expose that an attention to the circuitry surrounding the write pulse generation is necessary to not create more critical points in the circuit with an MTJ in terms of SET robustness. The analysis of the SET impact allows for checking whether the circuit complies with the application requirements. If the circuit is not robust enough, Q c results enable pointing out the inferior limit of radiation that the circuit will support without error and then implement effective reliability improvement strategies such as resizing the access transistor.
Conclusions
This work addressed the problem of SET impact on a VCMA-MTJ based MeRAM bit-cell during the writing process. SET effects on a VCMA-MTJ based MeRAM bit-cell in a 28 nm FDSOI CMOS technology were evaluated considering the striking time. The minimum amount of charge required to produce an incorrect writing was analyzed. With this information, effective reliability improvement strategies can be implemented. Moreover, the results show the striking time dependence on the robustness of the circuit against SET. If the SET occurs close in time to the voltage write pulse, the VCMA-MTJ based MeRAM bit-cell can lose robustness against SET effects. Furthermore, when the width W of the access transistor increases from 80 nm to 400 nm, the minimum Q c value can increase by 1.4 times leading the circuit to be more robust against SET.
This work also intends to show possible care that should be taken into account in the architectures that use the new spintronics devices. Such devices are clearly interesting solutions in terms of energy consumption. However, it is important that new memories do not leave aside considerations that may arise due to the new characteristics of the dynamics of these devices.
The next steps of this work include inserting, in the simulations, the effects of thermal fluctuations characteristic of this device and other magnetic memory applications in which VCMA properties are used. In addition, the vulnerability of the memory device when an SET reaches other transistors of sensing and write circuits will be analyzed. 
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